The Monte Carlo multicollisional (MCMC) intranuclear cascade model is used to study photonuclear reactions at intermediate energies ͑20ഛ E ␥ ഛ 140 MeV͒. This version of the code differs from previous versions in the following aspects: (i) the quasideuteron model of photoabsorption is consistently included by taking into account relative momentum correlations of the neutron-proton pair in a relativistic kinematics; (ii) a realistic treatment of the Pauli-blocking mechanism at the initial photoabsorption and at each binary nucleon-nucleon scattering during the cascade process is incorporated throughout the calculations; (iii) a criterion based on energy considerations is required by the end of the cascade. Differently from other transport models used so far, which are based on a randomly generated nuclear ground state with a stochastic treatment of the Pauli blocking, the present model incorporates a shell constrained momentum space of the nucleons which is preserved as the cascade evolves along time. The transition between the pre-equilibrium and evaporation phases is energetically determined, allowing the description of the cascade process without any free parameter, such as some ambiguous stopping time parameters adopted in similar time-structured cascade models. The occupation number distribution after the cascade corresponds to a typical Fermi distribution at a finite nuclear temperature, and the long-standing spurious depletion of the Fermi sphere, usually present in other cascade models, no longer appears. The Pauli-blocking factors are calculated and compared with previous approaches based on Fermi gas level density calculations. The evaporation-fission process of the compound nucleus is described in the framework of a Monte Carlo algorithm. Experimental data of the total photoabsorption cross section and the neutron multiplicities for Sn, Ce, Ta, and Pb in the 20-140-MeV range are described fairly well by the present calculations.
I. INTRODUCTION
In the last 40 years or so, intranuclear cascade models have been widely used to describe high-energy nucleon and photon-induced nuclear reactions. The long-standing conceptual difficulty is, however, the inclusion of in-medium quantum effects, such as the Pauli-blocking mechanism, into a semiclassical, many-body collisional process. The nuclear ground state is always generated from a uniform Fermi distribution of the momenta, with the spin and isospin degrees of freedom being artificially taken into account by the inclusion of statistical blocking factors, which presumably reproduce the nuclear quantum effects on the average. Highenergy nucleon-induced reactions were widely studied by the intranuclear cascade model of Bertini [1] , and also by the ISABEL code [2, 3] . Bertini's INC model is based on a time independent approach, while in the ISABEL collisions between particles that were not promoted above the Fermi level are suppressed. These models have some disadvantages as the fate of all nucleons is not followed during the cascade, discarding, thus, the possibility of extracting information of physical observables at a given time.
Another important, and time-dependent intranuclear cascade model, the Liège-INC model, was first proposed to describe heavy-ion collisions in the GeV range [4] , where a new version was introduced to deal with nucleon-nucleus reactions [5] . As reported in a recent work [6] , this version needed some improvements, and another version was proposed [7] . This later one was reasonably successful in reproducing a large body of experimental data, by introducing what the authors called a self-consistent determination of the stopping time of the cascade process. On the other hand, systematic discrepancies were also observed, which were basically ascribed to the sharp nuclear surface approximation. Furthermore, this version incorporated the Pauli principle by means of statistical blocking factors, which led to some spurious depletion of the Fermi sea, as reported elsewhere [6] , originating a small percentage of negative excitation energy cascade events. These unphysical events were considered as zero excitation energy events in the version INCL2 [7, 8] . In the INCL3 code [9] [10] [11] , the cascade process was forced to terminate just before the first collision leading to negative excitation energies. In a recent work [12] , a strict Pauli blocking was incorporated, where collisions leading to nucleons with momentum smaller than the Fermi momentum were forbidden. It is clear that such blocking mechanism does not take into account the depletion of the Fermi sphere, and the experimental data suggest a blocking mechanism somewhere between these two different approaches [12] . A new version of the Liège-INC cascade model (INCL4) [6] was *Deceased. then proposed in order to describe the cascade process more realistically. In this version a diffuse nuclear surface is used, and it is also assumed that the excitation energy due to the rearrangement of the level occupations inside the Fermi sphere was not allowed to become negative. Such an assumption neglects the Fermi motion of particles with momentum lower than the Fermi momentum and, consequently, does not represent what is expected in actual nuclei. Furthermore, the version INCL4 contains an approach based on the classification of the nucleons into participants and spectators, where participants were particles that had collided with at least another participant, with the first participant being the incident particle that had started the cascade process. The spectator nucleons were the remaining particles, and were not allowed to collide between them. These restrictions were imposed in order to prevent against the so-called "spontaneous boiling" of the Fermi sphere, according to which nucleons close to the Fermi surface were able to gain energy through collisions between other spectators, and thus escape from the nucleus, even when the nucleus was not disturbed from its ground state. It is quite clear that this "spontaneous boiling" is a direct violation of the Pauli-exclusion principle.
Cascade calculations in photonuclear reactions have also been carried out using many different approaches: (i) isolated-particle interactions [1, [13] [14] [15] ; (ii) superposition of several independent one-body interactions [16] [17] [18] [19] ; and (iii) many-body cascade simulations [19, 20] . In the isolatedparticle mechanism the interactions between rescattered particles are not taken into account, while in the superposition approach the rapid and pre-equilibrium stage are not properly treated, since the ejection of fast nucleons is neglected. These two approaches are designated here as conventional cascade calculations. In the Monte Carlo multicollisional intranuclear cascade model (MCMC) [19, 20] , the semiclassical time evolution of all particles is followed in a many-body dynamics and the pre-equilibrium stage is naturally incorporated.
The present version of the shell-constrained MCMC model differs from the previous versions [19, 20] in the following aspects: (i) the neutron-proton pairs are sorted, taking into account relative momentum correlations (quasideuteron model of photoabsorption [23] [24] [25] ), and also including energy and momentum conservation in a relativistic kinematics; (ii) it incorporates a realistic treatment of the Pauliblocking mechanism at the initial photoabsorption and at each binary nucleon-nucleon interaction without any free parameter; and (iii) a thermal equilibrium condition is imposed in order to stop the cascade. We show that this new and consistent approach circumvents all the shortcomings and drawbacks present in state of the art approaches so far developed [6] [7] [8] [9] [10] [11] [12] . We have focused our analysis on the description of photonuclear processes at intermediate photon energies ͑20ഛ E ␥ ഛ 140 MeV͒, since short-range correlations are expected to play a major role at these energies [26] . Furthermore, we also investigate the reliability of the intranuclear cascade model at the quasideuteron energy range.
The main goal of this new version of the MCMC model is the implementation, for the first time, of a realistic description of the cascade process with neither free parameters nor ad hoc assumptions, by only imposing physical constraints related to the Pauli-blocking mechanism. Even though it preserves the time structure of the code, a criterion based on energy conservation was also included to stop the cascade process. This procedure seems to be more reliable than simply choosing a stopping time to the cascade, which is usually adopted in similar calculations [6] [7] [8] [9] [10] [11] [12] . This stopping time is independent of the incident energy and also of the actual cascade history [6] , representing an average time parameter to stop the cascade. In a more realistic picture, however, each cascade event has its own history, dictated by the initial interaction mechanism and by the dynamical evolution of the system. This paper is divided into four sections. In Sec. II we describe the reformulated MCMC model, focusing on the initial photoabsorption mechanism, new implementation of the Pauli blocking, and thermal equilibrium criterion to stop the cascade. In this section we compare some physical values obtained in our calculations with other model predictions. The Pauli-blocking function in the QD model is also addressed. In Sec. III we compare our results with the available experimental data of the total photoabsorption cross section and the photoneutron multiplicities for Sn, Ce, Ta, and Pb in the 20-140-MeV range. A brief description of the evaporation process is also included. Finally, our conclusions are presented in Sec. IV.
II. THE SHELL-CONSTRAINED MONTE CARLO MULTICOLLISIONAL (MCMC) INTRANUCLEAR CASCADE MODEL

A. The multicollisional approach
The Monte Carlo multicollisional (MCMC) intranuclear cascade model is employed to describe the rapid stage of nuclear reactions, particularly photon-induced nuclear reactions at intermediate energies ͑20-140 MeV͒, the main focus of the present study. Nucleon-induced nuclear reactions, however, may also be accessed by just switching to the appropriate initial interaction mechanism.
In the many-body approach, all the particles are treated as participants and all the relevant processes are taken into account. At intermediate energies, however, only elastic nucleon-nucleon scattering takes place. As the initial photon is absorbed by an n-p pair inside the nucleus (QD model), the proton and the neutron are supposed to split and initiate two correlated cascade branches. The kinematics involved in the photoabsorption mechanism and the Pauli-blocking effects are discussed later. These two cascade branches are called correlated because all particles are allowed to collide between them, which is the premise of the MCMC model. As the system evolves in time, the fate of all particles is followed and the relativistic dynamics of the cascade is dictated by the splitting of the n-p pair and the actual history of the cascade event. Reflection and emission of particles at the nuclear surface are also taken into account. The energy balance during the emission of particles through the potential well is described in the Appendix.
The previous versions of the MCMC model have been widely used to describe photonuclear [19, 20] and heavy-ions [21, 22] reactions in the 0.5-1.5-GeV range. In these ver-sions, the stochastic generation of the initial target configuration and the statistical approach to deal with Pauli-blocking effects led to some spurious negative excitation energy events, as reported in similar works [6] [7] [8] [9] [10] [11] [12] . The purpose of our new model is to eliminate these unphysical events and describe more realistically the time evolution of the fermionic system.
B. The initial target configuration
In the Fermi gas model the Fermi energy for protons, E F , and neutrons, E F , is written as
, and ͑1͒
, ͑2͒
where ⍀ = 4 3 r 0 3 A is the spherical, sharp surface, nuclear volume, and m 0 is the nucleon rest mass.
By using the relativistic, energy-momentum relationship
, where E and p are, respectively, the total energy and momentum of the nucleon (taking ប = c =1), we write the corresponding on-shell Fermi momentum ͑k F ͒ as
The momenta of the nucleons are uniformly distributed inside a sphere of radius k F , which is the same as taking the bottom of the neutron well as the lowest energy level. The momenta of the neutrons are then sorted from zero to k F , and for protons from k min to k F , where k min = k F − k F . In a completely analogous manner, the positions of the nucleons are uniformly distributed inside the nuclear volume, with r 0 = 1.18 fm.
The nucleons are bounded in a square-well potential defined as
where the binding energy and the nuclear radius parameter are the only two parameters of our calculations. The binding effect of the potential V 0 is accounted for by means of the effective mass theory [27] , according to
with m * having the role of a nucleon effective mass. Equation (6) may be rewritten in the form
showing that m * is dependent on the nucleon momenta. The value of m * could be approximated to the corresponding average value ͗m * ͘ ͗m
where F͑p͒dp =3͓p 2 / ͑k F ͒ 3 ͔dp is the probability of finding a nucleon with momentum between p and p + dp. For a Pb target, for example, this distribution yields ͗m * ͘ = 0.950m 0 . This value is in reasonable agreement with the parametrization of Ref. [28] , where the value m * = ͑0.953± 0.002͒m 0 is reported.
C. The photoabsorption mechanism
The dominant mechanism for nuclear photoabsorption at intermediate energies ͑40-140 MeV͒ is described by the socalled quasideuteron model [23] [24] [25] . This model has been employed to access the total photoabsorption cross section in heavy nuclei [29] [30] [31] , and it is based on the assumption that the incident photon is absorbed by a correlated neutronproton pair inside the nucleus, leaving the remaining nucleons as spectators. Such an assumption is enforced when one compares the relatively small wavelength of the incident photon with the nuclear dimensions. The nuclear photoabsorption cross section QD ͑E ␥ ͒ is then proportional to the available number of n-p pairs inside the nucleus ͑NZ͒, and also to the free-deuteron photodisintegration cross section
Here, the factor L / A represents the fraction of correlated n-p pairs [32, 33] , and the function f͑E ␥ ͒ accounts for the reduction of the n-p phase space due to the Pauli-exclusion principle. The Pauli-blocking function f͑E ␥ ͒ was theoretically calculated by Chadwick et al. [26] using Fermi-gas single-particle and two-particle state densities, and also imposing energy and momentum conservation to the proton and neutron final states. This analytic derivation for f͑E ␥ ͒ was an important improvement compared with previous phenomenological approaches [34, 35] , and should be verified in our calculations for a given target nucleus and photon energy. The free-deuteron photodisintegration cross section (expressed in mb) could be written as [36] 
where B = 2.224 MeV is the binding energy of the deuteron. Levinger showed that the nuclear photoabsorption cross section is dependent on the quasideuteron wave function ⌿ k ͑r͒ [23] . Accordingly
͑11͒
where r and k are, respectively, the relative position and momentum of the neutron-proton pair, ␦ is the phase shift, ␣ −1 is the scattering length, and depends on the nuclear potential and plays a relevant role only inside the range of nuclear forces. This model also requires that the proton and neutron should be close enough to ensure that the wave function of the remaining ͑A −2͒ nucleons is undisturbed after the initial interaction with the photon. From the theory of effective range [37, 38] , one can relate the phase shift ␦ with the scattering length ␣ −1 by
For high-energy incident photons, which means the investigation of ⌿ k ͑r͒ for small r and kr Ӷ 1, Eq. (11) takes the form
where we have used Eq. (12). So, in the relevant region of small r, the wave function (13) is proportional to the deuteron ground-state wave function ⌿ d ͑r͒, i.e.,
since the common factors ͑1−␣r − ͒r −1 cancel out. The effective range r eff was taken as 1.761 fm.
The quasideuteron photoabsorption cross section qd ͑k , E ␥ ͒ [note the difference between the photoabsorption cross section of a quasideuteron pair with relative momentum k, denoted by qd ͑k , E ␥ ͒ and the nuclear photoabsorption cross section in the QD model, denoted by QD ͑E ␥ ͒] can then be written in terms of the deuteron photodisintegration cross
The relation (15) was first obtained by Levinger [23] , and indicates that the probability of photoabsorption is proportional to ͑␣ 2 + k 2 ͒ −1 , as also reported by other authors [26] . For that reason, in order to consistently generate an ensemble of quasideuteron candidates, we first sort neutron-proton pairs uniformly inside the nuclear volume and then reject those pairs whose relative momentum is not in agreement with the normalized probability M qd ͑k͒
This procedure is equivalent to sort neutron-proton pairs whose relative momentum satisfies the overall photoabsorption probability ⌽ ␥,abs ͑k , k F ͒, where
and
is the distribution of relative momenta of two nucleons in a Fermi gas [27] , with the normalization N͑k F ͒ being given by
.
͑19͒
The relativistic kinematics of photoabsorption is written as
where P qd Lab and P ␥ Lab are the energy-momentum 4-vectors of the quasideuteron candidate ͑qd͒ and photon ͑␥͒, respectively. P Lab = ͑E Lab , p Lab ͒ is the energy-momentum 4-vector of the system ͑qd + ␥͒, all in the laboratory frame. The primes correspond to the final states of the neutron and proton after photoabsorption. The z axis was chosen for the direction of the incident photon in the laboratory frame.
Moving to the center of mass (c.m.) frame by an appropriate Lorentz transformation L͑␤͒, we write After the photoabsorption, if both proton and neutron have momentum higher than the Fermi momentum, the quasideuteron candidate is finally selected, and the cascade process is initiated. On the contrary, this photoabsorption is Pauli-blocked, and we have to choose another quasideuteron candidate inside the nuclear volume. The competition between blocked and nonblocked events is directly related to the phase-space reduction due to the Pauli-blocking mechanism, and is a consistent way to determine the Pauli-blocking function for a given target and photon energy. This procedure is somewhat at variance with the one reported in a recent work [39] , where the nucleons effective masses are left as free parameters and the sorting procedure does not take into account relative momentum correlations. In Fig. 1 we show our calculations (full lines) of f͑E ␥ ͒ for Sn, Ce, Ta, and Pb in the 20-140-MeV range, in comparison with the prediction of Chadwick and collaborators [26] (dotted lines). Figure 2 shows the absolute value of their relative difference:
As easily noticed, our results indicate that the heavier the nucleus, the stronger the blocking factor, as one would expect from the exclusion principle. Furthermore, our calculations show stronger blocking factors in the entire energy range when compared with the results of Ref. [26] . Note that both calculations have an overall agreement better than 10% from 80 MeV on. The relative difference is higher for lower photon energies, where the Pauli principle is expected to play a major role. Such higher suppression should be interpreted as a consequence of a more rigorous blocking mechanism once the MCMC explicitly takes into account the actual particle levels, instead of using the level densities.
D. The realistic nonstochastic Pauli blocking
The neutron and proton, following the initial photoabsorption (QD model), trigger two correlated cascade branches, where the fate of all particles is dictated by the initial interaction mechanism and by the dynamics of the system. The Pauli-exclusion principle is elegantly incorporated during the cascade by the inclusion of spherically symmetric nuclear shells in the momentum space of the nucleons. Such shell-constrained approach implies that the maximum number of protons or neutrons with momentum between p and p + ⌬p should not exceed the actual number of nucleons occupying this shell at the initial target configuration. The depletion of the Fermi sphere is naturally taken into account at each binary nucleon-nucleon scattering by blocking those collisions every time one or both nucleons have closed-shell final states. In the event of a nonblocked collision, the occupation numbers are updated, otherwise the particles do not interact, and we look for the next event in the cascade process.
The momentum-interval ⌬p, inherent to our model, represents a gap in momentum space that accommodates a multiple of the actual (continuum) nucleon momentum, and should be interpreted as a momentum uncertainty. Such momentum interval is calculated by the uncertainty relationship ⌬p⌬r ϳ ប / 2, where ⌬r was taken to be the nuclear radius, This physical constraint naturally eliminates all the spurious events related to the miss-treatment of the Pauli-blocking mechanism, such as the spontaneous boiling of the Fermi sphere reported by Boudard et al. [6] . Furthermore, our many-body collisional model propitiates a realistic description of the cascade process, since all particles are allowed to interact with each other, and thus the Fermi sphere is repopulated by any nucleon inside the nuclear volume. Similar transport models [6] [7] [8] [9] [10] [11] [12] used up to now allow this repopulation only by participants, which is the same as neglecting the Fermi motion of particles not active in the cascade.
The reliability of our Pauli-blocking mechanism is verified in Fig. 3 , where we show the occupation number distribution (solid histogram) of the remaining nucleons after the cascade ␥͑100 MeV͒ + Pb, as a function of the nucleon's kinetic energy, in comparison with the Liège-INC [7] calculations (dashed line) for the cascade p͑800 MeV͒ + Pb. The dotted line is the calculation for a typical Fermi distribution of a complete degenerated Fermi gas at a fixed temperature ͑T = 2.04 MeV͒ equivalent to the average excitation energy ͗E * ͘ from the MCMC output. The chemical potential is compatible with the compound nucleus configuration. The agreement between the actual occupation number distribution and the theoretical prediction for a complete degenerated Fermi gas illustrates the accuracy of our calculations. In the Liège-INC model, however, we note a stronger depletion of particles just below the Fermi energy, and also a nonphysical, higher than unit, occupation number at low kinetic energy. Such cooling behavior indicates, probably, that the energy of the system is being miss-shared with the most energetic nucleons, which are escaping from the nucleus, leading to inaccurate values of some important evaporation parameters, such as the compound nucleus excitation energy ͑E * ͒. We emphasize that, as also pointed out by Cugnon et al. [7] , all the cascade models used up to now show the same discrepancies, which are physically eliminated in our model.
E. The energetic criterion to stop the cascade process
The time-dependent character of our model permits the continuous evaluation of physical observables as the cascade event evolves in time. Similar time-structured transport models [6] [7] [8] [9] [10] [11] [12] include a stopping time parameter to interrupt the cascade. Such stopping time is independent of the energy of the incoming particle and also represents an average value of time in which some quantities, like the excitation energy, change the way they very in time and the system is presumably at thermal equilibrium [6] . There is much ambiguity to determine this stopping time, since different physical observables give different time parameters. Furthermore, this average stopping time could be suitable for a specific cascade event, while for another it could be too short or too long to delineate the pre-equilibrium phase.
The rapid stage of a nuclear reaction is associated with a period of time when at least one particle has enough kinetic energy to escape from the nucleus. Such physical constraint implies that, when all the particles have kinetic energy lower than the potential depth, the system is at thermal equilibrium and the evaporation stage is about to initiate. This energetic criterion is employed in our model by checking the kinetic energy of all bounded nucleons every time that we have a nucleon-nucleon or a nucleon-surface interaction. In the event of all bounded nucleons having kinetic energy lower than the potential depth, the cascade process is terminated and the system is in thermal equilibrium (compound nucleus). This energetic criterion means that each cascade event has its own time of equilibrium, representing a significant improvement to describe the cascade process without extra parameters.
The excitation energy after the cascade process is calculated, following the prescription of older versions of the code [19, 20] as
where E ␥ is the incident photon energy in the laboratory frame, T j 0 is the asymptotic kinetic energy of the emitted nucleon j, and B ϳ 7 MeV is the mean binding energy of the nucleons lying at the Fermi surface.
In Fig. 4 we show the normalized excitation energy distributions for the cascade ␥ + 209 Bi at 140 MeV from the MCMC model calculations (solid histograms) and from Ref. [40] (dashed histograms). The result obtained in Ref. [40] clearly exhibits a broader shape with an average photoexcitation energy ͗E * ͘ϳ78 MeV (dashed arrow) higher than the one achieved from the MCMC model ͗E * ͘ϳ46 MeV (solid arrow). The difference between these results could be ascribed to the Pauli-blocking mechanism, indicating that in our approach the depletion of the Fermi sphere is more re- strictive, leading to a narrower distribution with a lower and more accurate average value. Note also that the MCMC excitation energy distribution could be characterized by two distinct processes: (i) low final state interaction events at excitation energies up to approximately 50 MeV, where the distribution shows structures which are probably associated with the energy levels of the split neutron-proton pair; and (ii) high final state interaction events at higher excitation energies, corresponding to the Maxwellian-type descent inherent to highly randomized systems. Such randomization is associated with long time of equilibrium cascade events. The time of equilibrium and compound nucleus mass distributions for the cascade ␥ + Pb at 100 MeV are shown in Fig. 5 . The difficulty found by similar time-dependent transport models [6] [7] [8] [9] [10] [11] [12] to achieve an energetic stopping criterion could be associated with the spurious depletion observed in Fig. 3 , since the system apparently never reaches a thermally equilibrated state. In that sense, we have combined some basic features of commonly used intranuclear cascade codes into an improved model, which physically incorporates a more appropriated Pauli-blocking mechanism with a consistent energetic criterion to stop the cascade, keeping, however, the time-dependent character of the routine.
III. COMPARISON WITH EXPERIMENT
The total photoabsorption cross section in the 20-140-MeV range is written as the sum of a quasideuteron (QD) and a giant dipole resonance (GDR) contribution
The QD contribution is calculated from (9) with L = 6.5 [26] , and using the shapes of f͑E ␥ ͒ shown as full lines in Fig.  1 . The GDR contribution is that of a Lorentz curve whose parameters were compiled elsewhere [41] . The results for T ͑E ␥ ͒ are shown in Fig. 6 (full lines), in comparison with the calculations of Ref. [26] (dotted lines). The data points were taken from Ref. [29] . The quantities designated by red 2 (
2 over the number of data points) are calculated for E ␥ ജ 25 MeV to illustrate the statistical importance of both calculations. For Sn and Ta, both calculations have no statistical significance, while for Ce and Pb, the MCMC model better describes the data, including the more accentuated descent of the cross sections of Sn, Ce, and Pb up to approximately 50 MeV, suggesting a stronger blocking mechanism than the one calculated in Ref. [26] .
The average neutron multiplicities ͗͘ are also calculated, taking into account the two major contributions to the total photoabsorption cross section
where ͗͘ f and ͗͘ s are, respectively, the average fast and slow neutron multiplicities. The labels CN ϵ͑A CN , Z CN , E CN * ͒ and T ϵ͑A T , Z T , E ␥ ͒ represent the compound nucleus and target configurations, respectively. E CN * is the average excitation energy of all cascade processes leading to the same compound nucleus ͑A CN , Z CN ͒. The average excitation energy ͗E * ͘ as a function of E ␥ is then given by
where ⌫ CN is the respective branching ratio for the CN formation. The quantities ͗͘ f , E CN * , and ⌫ CN are calculated in the framework of the MCMC model. Results for ͗E * ͘ and ͗͘ f for Sn, Ce, Ta, and Pb in the 20-140-MeV range are shown in Figs. 7 and 8 , respectively. The evaporation process is described by a Monte Carlo algorithm which calculates, at each step l of the evaporation chain, the competition between particle emission and nuclear fission. This model is an improved version of the former MCEF code (for details see Refs. [42, 43] ) and is the subject of a forthcoming paper. Here, we briefly describe it for completeness.
The model takes into account the emission of neutron ͑n͒, proton ͑p͒, alpha ͑␣͒, deuteron ͑d͒, tritium ͑t͒, and helium-3 ͑ 3 He͒. Shell-model corrections to the nuclear masses are also included [44] . The emission probability of particle k relative to neutron emission is calculated according to the Weisskopf's statistical model [45] 
where ͑␥ k / ␥ n ͒ =1͑k = p͒, 2͑k = ␣͒, 1͑k = d͒, 3͑k = t͒, and 2͑k = 3 He͒ [46] . E k * = E * − ͑B k + V k ͒ is the nuclear excitation energy after the emission of particle k. The particles' binding energies B k and the Coulomb potentials V k are taken from Ref. [43] .
The level density parameter for neutron emission is [47] FIG. 7. Average photoexcitation energy for Sn, Ce, Ta, and Pb, as a function of the incident photon energy. 6 . The total photoabsorption cross section for Sn, Ce, Ta, and Pb from MCMC (full lines) and Ref. [26] (dashed lines). The data points are taken from Ref. [29] . See the text for details.
where ⌬M͑MeV͒ is the shell-model correction [44] . We have also adopted a k = a n for the other particles' emissions [46] . The probability of fission relative to neutron emission is calculated using the LDM by Bohr and Wheeler [48] and the statistical model of Weisskopf [45] and Vandenbosch and Huizenga [49] 
with E f * = E * − B f . The fission barrier B f was taken from Ref. [43] , while for a f we have used [47] a f = ͫ 1 + 0.059 17ͩ
During the evaporation, the quantities A, Z, and ⌬M are updated and the relative widths are recalculated. The process stops whenever fission occurs or when the available excitation energy is too low to evaporate a particle. The slow neutrons multiplicities are then calculated by
where the quantities n i CN͑T͒ represent the total number of emitted neutrons for a given compound nucleus (target) configuration after the i-evaporation process is terminated and N is the number of evaporation histories. Direct neutron emissions from the GDR decay are unlikely to occur in heavy nuclei and were neglected in the calculation; thus, we have assumed E * = E ␥ . The results are shown in Fig. 9 , in comparison with the experimental data of Ref. [30] . The quite good agreement between theory and experiment is evident, including the two distinct regimes that show up from 20 to approximately 80 MeV and from 80 MeV on. This fact indicates that some important evaporation parameters, such as, ͗͘ f , E CN * , and ⌫ CN , were accurately determined. It should be stressed that the Pauli-blocking mechanism plays a very important role, as it dictates how the incoming energy flux is shared among the particles during the cascade. A strict Pauli blocking (blocking mechanism that suppresses collisions if the interacting particles do not have final momentum higher than the Fermi   FIG. 9 . Average neutron multiplicities for Sn, Ce, Ta, and Pb from MCMC+evaporation (full lines). The data points were taken from Ref. [30] . momentum), like the one used in Bertini's code [1] , has the effect of decreasing the excitation energy, since most collisions are forbidden and the depletion of the Fermi sphere is not taken into account. On the other hand, a stochastic Pauli blocking, like the one used in Liége-INC [6] [7] [8] [9] [10] [11] [12] and also in Ref. [40] , tends to overestimate the excitation energy (see Fig. 4 ), because spurious depletion of the Fermi sphere are taking place, with the incident flux being kept almost entirely inside the nucleus. This result seems to be in contradiction with similar cascade calculations for hadron-induced reactions, where the stochastic Pauli blocking tends to decrease the average excitation energy slightly in comparison with the strict Pauli blocking (see Ref. [8] ). So, in order to give a possible interpretation on that, we discuss below the effect of two different methods to interrupt the cascade: (i) using stopping-time parameters, or (ii) using an energetic condition.
Using stopping-time parameters with a stochastic Pauli blocking may introduce systematic errors in some physical observables, including the excitation energy, as the cascade evolves along time. For instance, the extending of the cascade process beyond the "correct" time of equilibrium will decrease the excitation energy, due to the spurious emissions caused by the unphysical repopulation of the Fermi sphere. Such spurious events were already reported and named spontaneous boiling for the case where the target nucleus is not excited but still can emit particles [6] . We point out that such cooling mechanism may be related to the discrepancies in the occupation number distribution shown in Fig. 3 . A strict Pauli-blocking mechanism, however, will not allow such spurious emissions and will lead to higher excitation energies as reported in Ref. [8] . On the other hand, if the cascade is stopped prematurely, the excitation energy will be in excess for both approaches (stochastic/strict).
The use of an energetic method like the one discussed in this paper, plus a stochastic Pauli-blocking criterion, tends to increase the excitation energy when compared with the strict one, because the energy distribution mechanism is more "efficient" due to a much higher FSI of the triggered particles with the others during the cascade. The fate of this system is to approach a thermally equilibrated and highly excited state. A strict Pauli blocking will decrease the excitation energy simply because the active particles carry away a major portion of the incident energy.
IV. CONCLUSION
In this work we have proposed an extended version of the MCMC model to describe photonuclear reactions at intermediate energies. The quasideuteron model of photoabsorption includes relative momentum correlations during the sorting procedure, taking into account that the photon will most probably interact with n-p pairs with small relative momentum k, as suggested by Levinger's model [23] . The relativistic photoabsorption kinematics was accomplished by imposing energy and momentum conservation to the photon + quasideuteron system. The Pauli-blocking function was consistently determined for a given target and photon energy and shows an overall agreement, better than 10%, with the theoretical prediction by Chadwick et al. [26] for E ␥ տ 80 MeV. For lower photon energies, however, our calculations show a much stronger blocking factor (see Figs. 1 and 2) , which is partially supported by the experimental data of photoabsorption cross section. This difference is probably attributed to the fact that using level densities, instead of treating the Fermi gas levels explicitly, softens the Pauli-blocking effects. Note also that in our approach the nuclear finite size is naturally taken into account, and the blocking mechanism now depends on the target atomic and mass number.
The dynamical Pauli-blocking mechanism at multiple nucleon-nucleon scattering during the cascade evolution is rigorously incorporated by allowing collisions only if both final states are not already occupied, as imposed by the exclusion principle. This self-consistent physical approach circumvents the long-standing difficulty of dealing with inmedium effects in intranuclear cascade calculations, and eliminates all unphysical events related to the spurious depletion of the Fermi sphere (see Refs. [6] [7] [8] [9] [10] [11] [12] ). The occupation number distribution (Fig. 3) corresponds approximately to a typical Fermi distribution at the end of the cascade, evidencing our better treatment of the dynamical Pauliblocking effects vis-à-vis other transport models, which show remarkable discrepancies at low kinetic energies [7] .
The refined treatment of the emission process (see the Appendix) and the inclusion of an energetic criterion to stop the cascade, propitiated the description of the cascade stage without any free parameter, such as stopping-time parameters commonly used in similar time-dependent cascade calculations [6] [7] [8] [9] [10] [11] [12] .
In summary, the present MCMC has proven to be quite consistent with the experimental data of the total photoabsorption cross section and the neutron multiplicities for Sn, Ce, Ta, and Pb, in the 20-140-MeV range, serving as a stringent test for the cascade model at a wide energy and mass range, as far as the initial interaction mechanism is suitably described by a two-body interaction.
son, every time that a baryon reaches the nuclear boundary with kinetic energy higher than the potential depth, it simply escapes from the nucleus with its corresponding free-nucleon mass, leaving it slightly cooler due to the mass deficit. The second assumption introduces an error of about 1 / A rem (A rem is the mass number of the bounded system) in the momentum p j of the outgoing nucleon. For A rem տ 100 such error can be neglected. Furthermore, the recoil of the remaining nucleus as a whole does not change the relative velocity of the particles and, consequently, does not alter the cascade dynamics.
The energy and momentum conservation during the emission of nucleon j implies ͚ iA rem
where the sums go over all bounded nucleons, with the P i 's representing the 4-vectors of the i nucleon. The primes correspond to the same quantities after the emission process. 
